Introduction {#S0001}
============

Cholangiocarcinoma (CCA) is an aggressive malignancy arising from the bile duct epithelia. It is a rare cancer globally, but it is the most common cancer in northeast Thailand where it is associated with liver fluke (*Opisthorchis viverrini*; Ov) infection.[@CIT0001],[@CIT0002] CCA is a slow progression cancer but its prognosis is very poor due to the diagnostic difficulty at the early stage and a number of patients only undergo treatment when the tumor proceeds to advanced and aggressive stage. The dominant treatment approach for CCA is surgical resection, however, only patients who present with early-stage disease are considered for surgery, and complete surgical resection is often followed by local recurrence with a low 5-year survival rate.[@CIT0003]--[@CIT0005] Moreover, chemotherapy and radiotherapy do not improve the patient's survival rate.[@CIT0006] Therefore, the identification of a potential therapeutic regimen for CCA is necessary.

The human epidermal growth factor receptor (HER) family is a tyrosine kinase receptor family that consists of four members: HER1 (EGFR), HER2 (c-erbB-2), HER3 (c-erbB-3) and HER4 (c-erbB4). These receptor kinases activate numerous downstream growth factor signaling pathways that regulate diverse cellular processes.[@CIT0007],[@CIT0008] In particular, aberrant expression and/or activation of the HER receptor family have been reported in many cancer types, including CCA.[@CIT0009]--[@CIT0011] Our previous study demonstrated the involvement of the HER receptor family in CCA, especially EGFR, which was found to be activated in both CCA cell lines and patients' tissues.[@CIT0012] Moreover, a recent study reported the overexpression of EGFR in human CCA tissues associated with poor survival of CCA patients, and that targeting EGFR with nimotuzumab, an anti-EGFR mAb, can inhibit CCA cell metastasis.[@CIT0013] In addition, HER2 amplification was recently reported in liver fluke related CCA.[@CIT0014] Based on this information, the HER receptor family represents a promising molecular target for the development of anti-cancer therapeutic agents against CCA.

Varlitinib (ASLAN001) is a small molecule pan-HER inhibitor targeting EGFR, HER2 and HER4 which is being developed as a therapeutic agent for several cancers, including gastric cancer, pancreatic cancer, colorectal cancer, breast cancer and biliary tract cancer (BTC, which includes CCA). Varlitinib has received orphan drug designation for biliary tract cancer by the US FDA and by the Korean Ministry of Food and Drug Safety.[@CIT0015]--[@CIT0018] Our study aims to evaluate the pre-clinical efficacy of varlitinib in CCA. Here we determined growth inhibitory effect as well as safety of varlitinib in CCA. Moreover, tumor metabolism after varlitinib treatment was carried out regarding to identify the metabolic markers and metabolic pathways that associated with varlitinib response in CCA animal model. The information obtained can be used as basic data to potentially support the development of varlitinib for CCA treatment.

Materials and Methods {#S0002}
=====================

Cell Culture {#S0002-S2001}
------------

Human CCA cell lines derived from different histological types of primary CCA tumor including human CCA cell lines KKU-214, KKU-213, KKU-156, KKU-100 and immortalized transformed cholangiocyte, MMNK-1. Cell lines were obtained from the specimen bank from Cholangiocarcinoma Research Institute and the use of cell lines had ethical approval by Cholangiocarcinoma Research Institute, Khon Kaen University. KKU-214, KKU-213 and KKU-156 were cultured in Dulbecco's modified eagle medium (Sigma-Aldrich, MO, USA), while KKU-100 and MMNK-1 were cultured in Ham' F12 medium (Gibco^®^, CA, USA). Both medias contained 10% fetal bovine serum (Sigma-Aldrich, MO, USA), 100 U/mL penicillin, and 100 µg/mL streptomycin (Sigma-Aldrich, MO, USA). All cell lines were incubated at 37°C in a humidified atmosphere containing 5% CO~2~.

Antibodies and Reagents {#S0002-S2002}
-----------------------

Antibodies for Western blot were as follows: mouse anti-EGFR and mouse anti-HER4 (Abcam, Cambridge, UK), rabbit anti-HER3, mouse anti-p85 PI3K, rabbit anti-phospho EGFR (Try1068), rabbit anti-HER2, rabbit anti-cyclinD1, mouse anti-CDK4, rabbit anti-phospho p44/42 MAPK (p- Erk1/2), rabbit anti-p44/42 MAPK (Erk1/2), rabbit anti-Akt (Cell signaling technology, Danvers, MA), rabbit anti-phospho HER2 and rabbit anti-phospho Akt (Ser473) (Sigma-Aldrich, MO, USA). Recombinant human EGF was purchased from R&D systems, MN, USA. Varlitinib was supplied by ASLAN Pharmaceuticals, Singapore. BKM-120 was purchased from Active Biochem, NJ, USA. These were dissolved as stock in 100% dimethyl sulfoxide (DMSO) and stored at −80°C until use.

Western Blot Analysis {#S0002-S2003}
---------------------

Cells were harvested and lysed in NP-40 lysis buffer (150 mM NaCl, 50 mM Tris pH 8.0 and 1% NP-40) containing protease inhibitor cocktail (Roche, Penzberg, Germany) on ice. The lysates were centrifuged at 14,000 rpm at 4ºC for 10 min. Protein lysates (40 μg) were solubilized in SDS buffer and boiled for 5 min and the supernatants collected. Proteins in the supernatants were determined by BCA protein kit assay (Thermo Fisher Scientific, IL, USA). Protein samples were electrophoresed on 10% polyacrylamide gels and transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5% skim milk in Tris-buffered saline (TBS) at room temperature for 1 hrs and incubated with primary antibody for EGFR, HER2, HER3, HER4, phospho-EGFR, phospho-HER2, phospho- p44/42 MAPK, p44/42 MAPK, phospho-Akt, Akt at 4°C overnight. After rinsing with TBS containing 0.1% polyoxyethylene sorbitan monolaurate (Tween-20 or TBS-T), the membranes were incubated with horseradish peroxidase-conjugated secondary antibody (Invitrogen, CA, USA) at room temperature for 1 hrs. Human β-actin was used as a loading control. After rinsing with TBS-T, the membranes were exposed to the ECL Prime Western Blotting Detection System (GE Healthcare, UK). The immunoblot was analyzed by the ImageQuantTM analysis system (GE Healthcare, UK). The densities of the bands were determined using Image J software version 1.46r (Wayne Rasband, NIH).

Cell Viability Assay {#S0002-S2004}
--------------------

Cell lines (KKU-214, KKU-213, KKU-156, KKU-100 and MMNK-1) 2×10^3^ per 100 µL were seeded into 96-well plates and incubated overnight at 37°C and 5% CO~2~. Cells were treated with varlitinib at designated concentrations for 24 hrs, 48 hrs and 72 hrs. Varlitinib was dissolved in 100% DMSO and added to culture media at different concentrations: the final concentration of DMSO was 0.5%. The number of viable cells was determined using sulforhodamine B (SRB, Sigma-Aldrich, MO, USA). Cells were fixed with 10% cold trichloroacetic acid for 1 hr at 4°C and stained with 0.4% w/v SRB in 1% v/v acetic acid for 30 mins. Excess dye was washed with 1% acetic acid and stained cells were solubilized with 200 µL of 10 mM unbuffered Tris-base. The absorbance was measured with a microplate reader (Sunrise, TECAN Trading, Switzerland) at 540 nm. The percentage of growth inhibition (%GI) was calculated using the formula, %GI=(1-(Nt-Nc)×100) where Nt and Nc are the absorbance of the treated and control groups, respectively.

Clonogenic Survival Assay {#S0002-S2005}
-------------------------

Five hundred cells of CCA cell lines KKU-214 and KKU-100 were seeded in 6 well plates with medium containing 2.5, 5, or 10 µM concentrations of varlitinib or control medium (0.5% DMSO). After 72 hrs, the medium was removed and replaced with normal medium. Cells were cultured for an additional 14 days then fixed in 4% paraformaldehyde and stained with crystal violate. Colonies of 50 or more cells were counted.

Caspase 3/7 Activity Assay {#S0002-S2006}
--------------------------

Apoptosis induction in CCA cells was performed using the caspase-GloVR 3/7 assay (Promega) according to the manufacturer's instructions. Briefly, cells (2x10^3^) were plated in 100 µL of media containing varlitinib at 2.5, 5, or 10 µM or control medium and incubated for 72 hrs. Caspase-GloVR 3/7 reagent (50 µL) was added and mixed to each well, followed by 30 mins incubation at room temperature. Luminescence was measured on a SpectraMaxL (MDS Analytical Technologies) as per the manufacturer's instructions. Experiments were performed three times with three replicates per experiment.

Flow Cytometry Analysis {#S0002-S2007}
-----------------------

CCA cell lines (KKU-214 and KKU-100) were seeded at 2.5×10^5^ cells in a 10 cm dish and cultured overnight after which the cells were treated with 2.5, 5, or 10 µM of varlitinib or control medium for 72 hrs. The cell cycle distribution was then detected by staining DNA with propidium iodide (Invitrogen, Paisley, UK), while apoptosis and necrosis were detected using an Annexin-VFLUOS staining kit (Roche, Penzberg, Germany). The cell cycle distribution and apoptosis were determined by flow cytometry (BD FACSCanto™ II, BD Biosciences, CA, USA) and analyzed by BDFACSDiva™ software (BD Biosciences, CA, USA).

Combination of Varlitinib with BKM-120 in KKU-100 Cell {#S0002-S2008}
------------------------------------------------------

KKU-100 cells (2 x10^3^) were seeded in 96-well plates overnight then treated with 2.5, 5, or 10 µM of varlitinib, varlitinib combined with 2 nM of BKM-120 or control medium for 72 hrs before cell proliferation was determined by SRB assay. The combination index was calculated using the Chou--Talalay method with Compusyn software (ComboSyn, Inc., USA). Cell apoptosis was detected by Annexin-VFLUOS staining using flow cytometry analysis. Briefly, 2.5×10^5^ KKU-100 cells were seeded in a 10 cm dish, cultured overnight, and then treated with 2.5, 5, or 10 µM of varlitinib, at the designed concentration combined with 2 nM of BKM-120 or control medium for 72 hrs. For molecular analysis, KKU-100 were seeded at 4×10^5^ cells in a 10 cm dish, cultured overnight, and then treated with 2.5, 5, or 10 µM of varlitinib at the designed concentration combined with 2 nM of BKM-120 or control medium for 24 hrs. After that cells were induced with 100 ng/mL of EGF for 30 mins before harvesting for protein extraction. The activity of EGFR, HER2 and Akt were determined using Western blot analysis.

Animal Study {#S0002-S2009}
------------

Six-week-old female BALB/cAJcl-nu/nu mice were purchased from Nomura Siam International (Bangkok, Thailand). Animals were housed under specific pathogen-free conditions at the Northeast Laboratory Animal Center (NELAC), Khon Kaen University, Thailand. KKU-214 cells in log-phase growth were harvested on the day of use. Cells were suspended in 50:50 serum-free medium/Matrigel (Sigma-Aldrich, MO, USA) and 0.1 mL (1x10^6^cells) was injected subcutaneously into each animal on both flanks. Ten days after CCA cell injection, the mice were randomized into 4 groups of 6 animals each for oral administration. The control group was orally provided a vehicle (1:9 NMP/Polyethylene glycol 300), while treatment groups were administrated varlitinib at 25 mg/kg of BW, 50 mg/kg of BW or 100 mg/kg of BW, PO, daily for 15 days. Tumors were measured twice each week and volumes calculated by the formula (a×b^2^)/2, where "a" and "b" represent the largest and smallest tumor diameter, respectively. Relative tumor volume was calculated from tumor volume (V)/tumor volume day 0 (V~0~). At the end of the experiment, the mice were sacrificed and tumor tissues, blood and other organs were collected for further investigation.

All procedures were performed in accordance with the guidelines of the Northeast Laboratory Animal Center (NELAC), Khon Kaen University, Thailand, and were approved (AEKKU 28/2559) by the Animal Ethics Committee of Khon Kaen University, Thailand.

Immunohistochemistry {#S0002-S2010}
--------------------

To determine the anti-proliferative effect of varlitinib using the CCA xenograft model, immunostaining of Ki67 was performed on paraffin-embedded nude mouse tumor tissues. Nude mouse tumor tissue sections were deparaffinized in xylene followed by rehydration in a series of different ethanol concentrations. Then, the antigen was retrieved using Tris-EDTA buffer, pH 8.8, in a pressure cooker, and 0.3% H~2~O~2~ was used to block endogenous peroxidase activity for 30 mins with shaking. Non-specific binding was blocked by 10% skim milk in phosphate-buffered saline (PBS) for 30 min. Sections were incubated with rabbit anti-Ki67 antibody (Abcam, Cambridge, UK), dilution 1:200, at 4°C overnight in a moisture chamber. Sections were then incubated with peroxidase-conjugated EnVision™ secondary antibody (Dako, Denmark) followed by washing three times with working PBS for 5 min. Next, the color was developed with 0.1% diaminobenzidine tetrahydrochloride solution for 5 mins followed by counterstaining with Mayer's hematoxylin. Sections were observed under a light microscope (Nikon H600L, Nikon, Japan). Ki67-positive cells of each tumor section were counted in at least five x400 power fields.

TUNEL Assay {#S0002-S2011}
-----------

To assess the percentage of apoptotic cells in CCA nude mouse tissues, an in situ terminal deoxynucleotide transferase-mediated dUTP nick-end labeling (TUNEL) assay was performed using the DeadEnd™ Colorimetric Apoptosis Detection System (Promega, WI, USA) according to the manufacturer's instructions. TUNEL-positive cells were quantified in at least five x400 power fields of randomly selected tissue sections.

Toxicity Assay {#S0002-S2012}
--------------

To study the adverse effects of varlitinib in treated mice, they were continuously observed for appearance parameters such as weight loss, diarrhea, anorexia, skin ulcer or death. After sacrifice, the organs, including lung, liver, kidney and spleen, were stained with H&E, and subjected to histological analysis by a pathologist. The levels of liver enzymes (ALT and AST), as well as creatinine in serum, were determined with an automatic multifunction-biochemical analyzer (Automate Chemistry LX-20 pro, Beckman Coulter).

Metabolite Extraction and NMR Analysis {#S0002-S2013}
--------------------------------------

In brief, 100 mg of mouse tumor tissue from animal study described above were freshly collected and quenched using liquid nitrogen. Then, lysates were centrifuged by vacuum concentrator. After that, the lyophilized material was dissolved with NMR buffer, transferred into the 5 mm NMR tube; then, the proton NMR spectra was analyzed using a 400 MHz NMR spectrometer (Bruker, USA). The NMR spectra was aligned and plotted using MATLAB program (Mathworks, USA). The statistical total correlation spectroscopy (STOCSY) analysis method was performed to aid the metabolite assignment in the^1^H NMR spectra acquired. Here, the metabolites were identified to match the correlation peak with the literature, Biological Magnetic Resonance Data Bank (BMRB), and the Human Metabolome Database (HMDB). Fold change was calculated as the log transformation of the ratio between the mean metabolite intensities of varlitinib-treated mice tissues relative to the control untreated mice tissue. The Student's *t* test was performed for statistical analysis among each treatment group versus the control group. A P-value\<0.05 was considered as statistically significant. To observe the metabolic profiling of tissue, the peak intensity of each of the metabolites was calculated and heatmap analysis based on Pearson's correlation was then performed with pathway analysis using Metscape and Cytoscape.

Statistical Analysis {#S0002-S2014}
--------------------

The results from cell proliferation, Ki67 staining analysis, apoptosis assay and animal experiments are represented as mean ± SD; statistical significance was determined by one-way ANOVA and two-way ANOVA (GraphPad Prism 5 software). A P-value of \<0.05 was considered to indicate a statistically significant result.

Results {#S0003}
=======

HER Receptor Expression Profiles in CCA Cell Lines {#S0003-S2001}
--------------------------------------------------

The expression level of the HER protein family was determined using Western blot analysis in four CCA cell lines: KKU-214, KKU-213, KKU-156 and KKU-100. MMNK-1 was also used as the reference cholangiocyte. The results showed that the highest expression levels of EGFR and HER2 were found in KKU-214 cell followed by KKU-100 and KKU-213 while low expression levels were determined in KKU-156 and MMNK-1. The expression of HER3 was most prominently detected in KKU-214 and KKU-213 cells and was not observed in other cell lines, HER4 expression was also detected in the tested cell lines at lower levels, as demonstrated in [Figure 1](#F0001){ref-type="fig"}.Figure 1HER receptor family basal expression in cholangiocarcinoma cell lines and immortalized transform cholangiocyte.**Notes:** The expression of EGFR, HER2, HER3 and HER4 was detected in four CCA cell lines (KKU-214, KKU-213, KKU-156 and KKU-100) and MMNK-1 cell use as the reference cholangiocyte by Western blot analysis.

Cytotoxic Effect of Varlitinib on CCA Cell Lines {#S0003-S2002}
------------------------------------------------

We then examined whether varlitinib could inhibit CCA cell proliferation. CCA cell lines (KKU-214, KKU-213, KKU-156 and KKU-100) and the reference cholangiocyte, MMNK-1 were treated with a range of concentrations of the inhibitor, and cell proliferation was assessed using SRB assay. The results showed that varlitinib effectively suppressed CCA cell growth at micromolar concentrations in a dose-dependent manner ([Figure 2](#F0002){ref-type="fig"}). The IC~50~ values (mean± SD) of varlitinib in the four CCA cell lines KKU-214, KKU-213, KKU-156, KKU-100, MMNK-1 were 4.83±0.35 µM, 5.10±0.44 µM, 4.5±0.52 µM, 7.68±0.39 µM and 9.13±1.42, respectively.Figure 2The cytotoxic effect of varlitinib on CCA cells and cholangiocyte.**Notes:** Four CCA cell lines and nonmalignant cholangiocyte were treated with varlitinib at concentrations ranging from 0.1 to 10 µM in 0.5% DMSO for 72 hrs. After incubation, cellular proteins of the viable cells were measured using the sulforhodamine B assay.

We found that the IC~50~ of varlitinib in KKU-214, KKU-213 and KKU-156 cells fell within a similar range, KKU-100 cells showed a poor response with higher IC~50~ values than other CCA cell lines, while MMNK-1 cell showed higher IC~50~ over CCA cells. These indicate a non-toxic effect of varlitinib on non-malignant cholangiocyte.

According to our findings, the protein expression levels of EGFR, HER2 and HER3 were prominently found in KKU-214 and EGFR, HER2 in KKU-100 cell lines were high; however, the response to varlitinib was different. Therefore, these two cell lines were selected for further study.

Anti-Proliferation Activity of Varlitinib on CCA Cell Lines {#S0003-S2003}
-----------------------------------------------------------

To determine the growth inhibitory effect of varlitinib on CCA cells, the cells were exposed to varlitinib at 2.5 µM, 5 µM or 10 µM for 72 hrs before a clonogenic survival assay was performed. The results showed that varlitinib significantly inhibited colony formation of KKU-214 cells in a dose-dependent manner, whereas in KKU-100 cells, only 10 µM of varlitinib significantly suppressed colony formation ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). Moreover, flow cytometry analysis demonstrated that varlitinib significantly induced G1 arrest, as well as reducing S phase progression of the CCA cell lines, for KKU-214 in a dose-dependent manner and for KKU-100 at 10 µM ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}). The expression of the G1/S cell cycle regulatory proteins cyclinD1 and CDK4 in KKU-214 after treatment with varlitinib was dramatically decreased in a dose-dependent manner, while this was slightly decreased for CDK4 at 10 µM in KKU-100 ([Figure 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}).Figure 3Varlitinib inhibits CCA cell proliferation.**Notes:** (**A** and **B**) KKU-214 and KKU-100 CCA cells were treated with varlitinib for 72 hrs before the growth inhibitory effect was determined by a clonogenic survival assay: colonies which contained \>50 cells were counted. (**C** and **D**) Varlitinib caused cell cycle arrest in the G1 phase. KKU-214 and KKU-100 were treated with varlitinib for 72 hrs and subjected to propidium iodide staining analysis. (**E**) G1/S phase cell cycle regulatory proteins cyclin D1 and CDK4 expression levels were determined by Western blot analysis after KKU-214 and KKU-100 cells were exposed to varlitinib for 72 hrs. (**F**) Expression level of cyclin D1 and CDK4 after normalized with β-actin. Data in (**B, D** and **F**) are represented as mean ± SD of three independent experiments. Asterisks indicate statistical significance (p \<0.001) compared to the control, analyzed by one-way ANOVA.

Apoptotic Induction of Varlitinib on CCA Cells {#S0003-S2004}
----------------------------------------------

To test whether varlitinib inhibited cell growth, at least in part, by inducing apoptosis, cells were treated with 2.5, 5 or 10 µM of varlitinib for 72 hrs. Untreated cells or varlitinib-treated cells were stained with annexin V and PI and then analyzed using flow cytometry. The results revealed that varlitinib enhanced KKU-214 cell death in a concentration-dependent manner (both early apoptosis and late apoptosis), and showed significantly induced apoptosis at 10 µM, while varlitinib-treated KKU-100 cells showed slight apoptosis as shown in [Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}.Figure 4Varlitinib induces CCA cell apoptosis.**Notes:** (**A** and **B**) KKU-214 and KKU-100 cells were treated with varlitinib at the indicated concentrations after which the apoptotic cells were counted using the Annexin-V-FLUOS staining kit and flow cytometry. Live cells stained annexin V−/PI− (left bottom panel) and apoptotic cells stained annexin V+/PI− or annexin V+/PI+ (right bottom and right top panel). (**C**) A caspase-3 activity assay was performed on KKU-214 and KKU-100 cells after treatment with the designated concentrations for 72 hrs. Data in (**B** and **C**) are represented as mean ± SD of three independent experiments. Asterisks indicate statistical significance (p \<0.001) compared to the control, analyzed by one-way ANOVA.

Moreover, we tested whether the mediator of apoptosis, caspase 3/7, was induced. As represented in [Figure 4C](#F0004){ref-type="fig"}, there was a slight increase of caspase 3/7 activity in KKU-214 treated with 10 µM of varlitinib, whereas there was no significant change in caspase 3/7 activity in varlitinib treated KKU-100 cells.

Molecular Mechanisms Underlying Varlitinib Inhibition of CCA Cell Growth {#S0003-S2005}
------------------------------------------------------------------------

To explore the molecular mechanisms by which varlitinib inhibits CCA cell growth, cells were pre-treated with various concentrations of varlitinib (2.5, 5 or 10 µM) for 24 hrs then induced with 100 ng/mL of EGF (R&D system, MN, USA) for 30 mins. The results showed that varlitinib could inhibit EGFR and HER2 activation upon EGF stimulation in KKU-214 cells, while activation of EGFR and HER2 in KKU-100 cells were only inhibited at with 10 µM of varlitinib ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}). We also investigated the downstream signaling pathways of EGFR/HER2. We focused on the Ras/MAPK and PI3K/Akt pathways that have been reported as two majors signaling cascades implicated in tumor development and triggered by EGFR/HER2 activation. Our results demonstrated that a low concentration of varlitinib (2.5 µM) caused an increase in Erk1/2 activation, while 5 µM and 10 µM inhibited Erk1/2 activity in EGF induced KKU-214 and KKU-100 cells ([Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}). Varlitinib inhibited Akt phosphorylation at 5 µM and 10 µM, while there was a slight elevation of phospho-Akt at low concentration (2.5 µM) in EGF induced KKU-214 cells. On the other hand, phospho-Akt expression in EGF induced KKU-100 cells was not decreased after treatment with varlitinib ([Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}).Figure 5Molecular mechanisms by which varlitinib suppresses CCA cell growth. KKU-214 and KKU-100 cells were exposed to varlitinib at the indicated concentrations for 24 hrs, then induced with 100 ng/mL of EGF for 30 mins, proteins expression level were determined by Western blot analysis.**Notes:** (**A**) The activation of EGFR and HER2. (**B**) The expression of p-EGFR and p-HER2 after normalized with total EGFR, HER2 and β-actin. (**C**) The activation the downstream signaling molecules Erk1/2 and Akt. (**D**) The expression of p-Erk1/2 and p-Akt after normalized with total Erk1/2, AKT and β-actin. Data in (**B** and **D**) are represented as mean±SD of three independent experiments. Asterisks indicate statistical significance (p \<0.001) compared to the control, analyzed by one-way ANOVA.

Combination of Varlitinib with BKM-120 to Potentiate the Cytotoxic Effect on the KKU-100 Cell Line {#S0003-S2006}
--------------------------------------------------------------------------------------------------

As demonstrated above, the KKU-100 CCA cells showed high expression of EGFR and HER-2; however, they showed a poor response to varlitinib when compared with KKU-214 cells, which also highly expressed EGFR and HER-2. Moreover, Western blot analysis revealed that the poor response of KKU-100 cells may be caused by an alternative signaling pathway that renders KKU-100 cells resistant to Akt modulation by varlitinib treatment. Therefore, a combination of varlitinib with the PI3K inhibitor BKM-120 was tested for its anti-tumor effect. Our results showed that the combination of varlitinib with BKM-120 exerted a synergistic effect on KKU-100 cell growth inhibition as represented in [Figure 6A](#F0006){ref-type="fig"} and [[Table S1](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}. In addition, flow cytometry analysis demonstrated that BKM-120 significantly potentiated the cytotoxic effect of varlitinib in a dose-dependent manner ([Figure 6B](#F0006){ref-type="fig"} and [C](#F0006){ref-type="fig"}). As shown in [Figure 6D](#F0006){ref-type="fig"} and [E](#F0006){ref-type="fig"}, after KKU-100 was exposed to varlitinib combined with BKM-120, there was a decrease in phospho-EGFR and phospho-Akt, where phospho-Akt was further decreased in the combination treatment compared to BKM-120 treatment alone. Conversely, activation of the HER2 receptor was still observed.Figure 6A combination of varlitinib with BKM-120 potentiates the cytotoxicity of varlitinib on KKU-100 cells.**Notes:** (**A**) KKU-100 cells were treated with varlitinib, BKM-120, or varlitinib combined with BKM-120 at the indicated concentrations for 72 hrs after which cell proliferation was measured by SRB assay. (**B** and **C**) KKU-100 cells were exposed to varlitinib alone or varlitinib combined with BKM-120 at the indicated concentrations for 72 hrs after which cell apoptosis was assessed using the Annexin-V-FLUOS staining kit and flow cytometry. (**D**) Molecular analysis of varlitinib combined with BKM-120 in KKU-100 cells was identified by Western blot. (**E**) The expression level of p-EGFR, p-HER2, p-Akt after normalized with total form and β-actin. Data in (**A, C** and **E**) are represented as mean ± SD of three independent experiments. Asterisks indicate statistical significance (p \<0.001) compared to the control, analyzed by two-way ANOVA and one-way ANOVA, respectively.

Anti-Tumor Activities of Varlitinib Using the CCA Xenograft Model {#S0003-S2007}
-----------------------------------------------------------------

To evaluate the in vivo anti-tumor effect of varlitinib on CCA, the CCA inoculated mouse model was used. KKU-214 was subcutaneously injected into athymic BALB/c nude mice after which the mice were administrated with varlitinib at 25 mg/kg, 50 mg/kg, or 100 mg/kg and vehicle (1:9 NMP: Polyetheneglycon) for the control group once daily by oral gavage for 15 days. The results showed that 50 mg/kg and 100 mg/kg of varlitinib significantly suppressed tumor growth, while 25 mg/kg had no significant effects ([Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"} and [[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}). Varlitinib-associated toxicity was not observed during the entire treatment period. Histological features of the internal organs, including lung, liver, kidney and spleen, indicated no signs of toxicity ([[Figure S2](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}, [[S3](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}, [[S4](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul} and [[S5](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}), and biochemical analyses of liver and kidney function revealed no differences between the control and the varlitinib treatment groups ([[Table S2](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}). Nevertheless, the bodyweight of some mice in the control group was significantly reduced when tumor size reached \>15 mm in diameter when compared to the treatment groups ([Figure 7C](#F0007){ref-type="fig"}).Figure 7Anti-tumor activity of varlitinib on CCA inoculated mice.**Notes:** KKU-214 was implanted in mice which were orally administrated the vehicle, 25--50 mg/kg or 100 mg/kg of varlitinib daily (n=6/group). (**A**) Tumor growth and (**B**) tumor weight of mice that received the vehicle, 25 mg/kg, 50 mg/kg or 100 mg/kg of varlitinib for 15 days. (**C**) The average body weight of mice in each group. (**D**) Proliferative cells in nude mouse tumor tissue sections were determined by immunostaining of Ki67, magnification X400. (**E**) Apoptotic cells were detected by TUNEL assay, magnification X400. Data in (**A**) and (**C**) are represented as mean ±SD and analyzed by two-way ANOVA, data in (**B, D** and **E**) are represented as mean ± SD and analyzed by independent sample *t*-test. Asterisks indicate statistical significance (p \<0.001) compared to the control.

Immunostaining of the Ki67 proliferation marker was performed to confirm the anti-proliferation activity of varlitinib. The number of Ki67 nuclei stained tumor cells in varlitinib treated mice (50 mg/kg and 100 mg/kg) was significantly decreased when compared to the control group ([Figure 7D](#F0007){ref-type="fig"}). Moreover, apoptosis induction activity of varlitinib was detected by immunohistochemistry using TUNEL. Cell apoptosis was significantly higher in varlitinib (50 mg/kg and 100 mg/kg) treated tumors than in the control group ([Figure 7E](#F0007){ref-type="fig"}).

Tumor Metabolism in the Varlitinib-Treated CCA Xenograft Model {#S0003-S2008}
--------------------------------------------------------------

Since varlitinib demonstrated growth inhibitory effect both in vitro and in animal model. Therefore, we further explore varlitinib response marker that correlated with CCA growth reduction after varlitinib treatment. The NMR-based metabolic profiling was carried out for CCA inoculated mouse tissue extracts in order to identify the metabolites that correlate with varlitinib responses and metabolic pathways that were associated with CCA growth inhibition effect of varlitinib in animal model.

The representative NMR spectra of control, and varlitinib (25 mg/kg, 50 mg/kg and 100 mg/kg)-treated CCA inoculated mouse tumor tissues revealed numerous signals from metabolites as shown in [Figure 8A](#F0008){ref-type="fig"}.Figure 8Tumor metabolism of varlitinib-treated CCA xenograft model.**Notes:** (**A**) Median spectrum of 1H NMR spectrum of nude mice's tissue (Key metabolites: (1) Leucine, (2) 2-aminobutyrate, (3) Valine, (4) Propylene glycol, (5) Lactate, (6) Alanine, (7) Arginine, (8) Acetate, (9) Glutamine, (10) Glutamate, (11) Pyruvate, (12) Oxaloacetate, (13) Succinate, (14) Citrate, (15) Aspartate, (16) Methionine, (17) Creatine, (18) Choline, (19) Phosphorylcholine, (20) Taurine, (21) TMAO, (22) Methanol, (23) Glycine, (24) Glycerol, (25) Glucose, (26) Uracil, (27) GTP, (28) ATP, (29) Tyrosine, (30) Phenylalanine, (31) Inosine. (**B**) Box plots of aspartate expressed as a fold change of more than 1.2 between normal and cancerous tissue. Asterisks indicate statistical significance (p\<0.001) analyzed by Student's *t*-test. (**C**) Heatmap analysis represents the metabolic phenotype change after varlitinib treatment; the heatmaps were constructed based on the correlation between the intensity peaks of assigned metabolites. Color key indicates metabolite expression value, blue represents a positive correlation, red a negative correlation. (**D**) Pathway-network analysis showed the relationship between the reflected metabolic pathways; the color and size of each pathway represents the pathway's impact and fold enrichment, respectively. (**E**) The significant metabolites set enrichment, the most impacted pathways that have statistically significant scores are indicated with red and the lengths of each bar are calculated based on the pathway value using Metaboanalyst 3.0.

Then, peak intensities of the detectable metabolites were calculated for the fold change and statistically tested in each varlitinib-treated group compared the control counterpart. The results are reported in [[Table S3](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}. We found seven candidate metabolites whose levels were significantly changed for each concentration of varlitinib (eg, 2-aminobutylate, valine, lactate, alanine, aspartate, GTP and tyrosine). Interestingly, only aspartate was significantly decreased (P\< 0.05) with a fold change of more than 1.2 at 50 mg/kg and 100 mg/kg varlitinib ([Figure 8B](#F0008){ref-type="fig"}).

To explore the metabolic pathways associated with the metabolic alteration after varlitinib treatment, heat map analysis and pathway analysis were performed. We found the correlation between the metabolic candidates changed, demonstrating the biochemical phenotypic changes after varlitinib treatment ([Figure 8C](#F0008){ref-type="fig"}). Pathway-network analysis revealed several relevant metabolic pathways that the candidate metabolites were implicated of which the urea cycle is the most closely associated followed by beta-alanine metabolism and glutamate metabolism ([Figure 8D](#F0008){ref-type="fig"}). However, when using pathway analysis of fold enrichment, we found that malate-aspartate shuttle showed the highest fold enrichment, indicating that this shuttle is the metabolic pathway that exhibited most drastic change at the metabolic level after varlitinib treatment ([Figure 8E](#F0008){ref-type="fig"}).

Discussion {#S0004}
==========

Epidermal growth factor receptors (EGFR), also called the HER or ErbB receptor family, is a family of receptor tyrosine kinases that is composed of four members: HER1 (EGFR), HER2 (c-erbB-2), HER3 (c-erbB-3) and HER4 (c-erbB4).[@CIT0007] These receptors activate multiple downstream pathways in response to extracellular ligands that, in turn, regulate diverse processes including cell proliferation, survival, differentiation and migration.[@CIT0008] Abnormal regulation and activation of these receptors are involved in the development and progression of many cancer types.[@CIT0009] A large number of studies have reported either the overexpression or amplification of EGFR and HER2 in various malignancies,[@CIT0019],[@CIT0020] and there are several approved therapeutics targeting these mechanisms (eg, Herceptin, Iressa).[@CIT0021],[@CIT0022] Moreover, overexpression of HER3 is involved in primary cancers and in cultured cells, including breast, ovarian, prostate, colon, pancreas, stomach, oral cavity and lung cancer, as well as EGFR inhibitor resistance. HER4 is associated with breast cancer and can be used in the prediction of the tamoxifen response.[@CIT0023],[@CIT0024] In CCA, aberrant expression and/or activation of the HER receptor family has been reported.[@CIT0010],[@CIT0025]--[@CIT0027] Our previous study revealed the activation of the HER receptor family in CCA using phospho-kinase array analysis. In the HER receptor family, EGFR was found to be activated in both human CCA tissues and CCA cell lines.[@CIT0012] A recent study of CCA demonstrated the overexpression of EGFR, which was associated with a poor prognosis of CCA patients.[@CIT0013] Targeting EGFR using nimotuzumab inhibits CCA cell metastasis through the suppression of the epithelial-mesenchymal-transition mechanism. Furthermore, HER2 gene amplification has been noted in liver fluke associated CCA.[@CIT0014] Thus, these receptor kinases are promising targets for anti-cancer drug development in CCA.

Our study provides a pre-clinical evaluation of varlitinib for first line CCA treatment. First, we identified the expression of the HER receptor family in four CCA cell lines (KKU-214, KKU-213, KKU-156, KKU-100) and in non-malignant cholangiocyte, MMNK-1 cell. The results showed that KKU-214 had the highest expression of EGFR, HER2 and HER3, KKU-100 had a high expression of EGFR and HER2; HER4 was also found very low level in all tested CCA cell lines. On the other hand, low expression level of HER family was detected in MMNK-1 cell. A cytotoxicity test revealed that IC~50~ values of KKU-214, KKU-213 and KKU-156 cells were within a similar range (4 µM), while KKU-100 showed a higher IC~50~ value than the others (8 µM). Interestingly, varlitinib showed low toxicity on non-malignant cholangiocyte which is indicated by higher IC~50~ value of varlitinib on MMNK-1 cell over CCA cell lines. Varlitinib is highly (\>99%) but reversibly bound to plasma proteins in vitro; hence, the IC~50~ of varlitinib in serum-enriched conditions is expected to be much higher.

Based on EGFR and HER2 protein expression levels and IC~50~ values, varlitinib response should be correlated the expression of HER family especially EGFR and HER2. However, KKU-214 and KKU-100 cells which had high expression of EGFR and HER2 showed the different response patterns to varlitinib. Therefore, these two CCA cell lines were selected for the next set of experiments.

Varlitinib was shown to significantly inhibit KKU-214 cell proliferation and enhance cell death in a dose-dependent manner. However, only the 10 µM concentration of varlitinib could significantly suppress KKU-100 growth and it had no apoptotic induction effect on this cell line. Molecular analysis using Western blot demonstrated that varlitinib can inhibit the activation of EGFR, HER2, Erk1/2 and Akt upon stimulation with EGF, whereas in KKU-100 cells varlitinib can inhibit the activation of EGFR and Erk1/2, although the activation of HER2 and Akt was still observed. This may be caused by a compensatory mechanism in the KKU-100 cells. A possible explanation will be discussed in the following section.

HER2 can form a heterodimer not only with the HER receptor family but also with other RTKs such as IGF-1R. In breast cancer, the IGF-1R/HER2 complex can potentiate PI3K/Akt signaling that leads to trastuzumab resistance.[@CIT0028] Moreover, the recent study revealed that the acquired lapatinib resistance mechanism in HER2 positive gastric cancer cells caused by the interplay between HER2 and MET receptor resulted from downregulation of FOXO1. Therefore, constitutive activation of HER2 after exposure to varlitinib in KKU-100 cells may occur due to activation of a compensatory signaling pathway by forming a heterodimer between HER2 with other RTKs. However, this compensatory mechanism in CCA is still unclear and should be further investigated.[@CIT0029] The other compensatory mechanism involves downstream alterations and mutations. Inherited resistance due to KRAS mutations may be a reason for the poor response to varlitinib in KKU-100 cells. KRAS mutations, especially the G12D mutation, are strong predictors of a lack of response to EGFR inhibition. Mutation of KRAS can cause persistent activation of ras as well as its downstream effector molecules, such as Akt, even resulting in a lack of response to the EGFR inhibitor in patients with non-small cell lung cancer.[@CIT0030] Likewise, KKU-100, but not the other three CCA cell lines, possesses a G12D mutation in exon2[@CIT0031] that might lead to the poor susceptibility of this cell to varlitinib. A combination of EGFR inhibitor with a downstream effector molecule inhibitor such as PI3K inhibitor or MEK inhibitor, can overcome this phenomenon.[@CIT0032] In this study, a combination of varlitinib with PI3K inhibitor which has previously been reported to enhance CCA cell apoptosis both in cell lines and an animal model,[@CIT0033] led to an improved response of KKU-100 cells to varlitinib. Previous studies[@CIT0033] have shown that KKU-100 is a CCA cell line that is exquisitely sensitive to BKM-120 inhibition with a \~10-fold lower IC~50~ compared to other CCA cell lines such as M214. The results showed that varlitinib combined with BKM-120 can significantly inhibit KKU-100 cell growth and induce cell death when compared to treatment with varlitinib or BKM-120 alone. Moreover, molecular analysis showed that the activation of Akt was decreased when KKU-100 cells were treated with varlitinib combined with BKM-120. This indicates that inhibition of EGFR/HER2 signaling by targeting Akt can overcome the poor susceptibility of this cell subtype of CCA with KRAS G12D mutations and can potentially serve as a treatment regimen for patients who do not respond to EGFR inhibitor treatment.

We further evaluated the anti-tumor activity of varlitinib in KKU-214 implanted nude mice. Our findings showed that varlitinib at 50 mg/kg and 100 mg/kg can significantly suppress tumor growth in mice when compared to control mice, without noticeable toxicity. The bodyweight of the control mice was significantly decreased at day 15 of treatment when tumor size reached more than 1.5 cm diameter. The bodyweight of varlitinib-treated mice was similar throughout the duration of treatment.

In order to determine the safety of varlitinib in animals, mouse serum was used to determine the liver and kidney relevant parameters AST, ALT and creatinine. The serum AST, ALT and creatinine levels of mice from each group were similar ([[Table S2](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}). Moreover, the histological features of the mouse organs, including lung, liver, kidney and spleen, were checked by a pathologist. They also showed minimal or no toxic effect in normal cells ([[supplemental data](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}), indicating no adverse effect of varlitinib on animals.

The growth inhibitory effect of varlitinib is indicated by immunostaining of the proliferation marker Ki67. Our result showed that the percentage of Ki67 positive nuclear staining cells in tumor tissues of the 50 mg/kg and 100 mg/kg varlitinib-treated mice was significantly decreased when compared with the control group. Moreover, the percentage of apoptotic cells was significantly increased in tumor tissue from 50 to 100 mg/kg varlitinib-treated mice when compared with tissue from control animals. These results indicate the anti-tumor potential of varlitinib using the CCA animal model.

We also accessed tumor metabolism after varlitinib treatment in CCA xenograft tumor tissue extracted by using^1^H-NMR analysis. Our study revealed a number of metabolites ([Figure 8A](#F0008){ref-type="fig"} and [[Table S3](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}) which are associated with varlitinib treatment response. Among the detectable metabolites, we found significant metabolic changes after varlitinib treatment in 2-aminobutylate, valine, lactate, alanine, aspartate, GTP and tyrosine. Interestingly, aspartate is the metabolite that changed significantly, with a fold change of more than 1.2 in the 50 mg/kg and 100 mg/kg groups ([Figure 8B](#F0008){ref-type="fig"} and [[Table S3](http://www.dovepress.com/get_supplementary_file.php?f=250061.docx)]{.ul}). This is consistent with an in vivo anti-cancer effect of varlitinib. Doses of 50 mg/kg and 100 mg/kg of varlitinib can significantly inhibit tumor growth in the CCA xenograft model ([Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}). Thus, aspartate is a potential metabolite correlating with varlitinib treatment response.

Aspartate is the ionic form of aspartic acid, a non-essential amino acid which is frequently synthesized through the transamination of oxalate in the human body. Aspartate acquisition has been reported as an endogenous metabolic limitation for cancer cell proliferation. Aspartate enables cell proliferation via mitochondrial respiration, which is an important mechanism providing an electron acceptor for aspartate synthesis.[@CIT0034],[@CIT0035] This suggests that aspartate plays role in tumor cell proliferation with decreasing levels which causes tumor growth reduction to occur. A metabolomic study in head and neck squamous cell carcinoma with EGFR inhibitor acquired resistant three-dimensional (3-D) spheroids and xenograft model tissue showed a significantly increased aspartate level when compared with the EGFR TKI sensitive model, suggesting that aspartate can serve as a potential metabolic biomarker for drug response.

We further identify the metabolic pathways that reflect the metabolic changes occurring after varlitinib treatment. We found that the varlitinib treatment influences the urea cycle followed by beta-alanine metabolism and glutamate metabolism. Interestingly, pathway analysis of fold enrichment showed that the malate-aspartate shuttle is the most influenced metabolic pathway after varlitinib treatment. This is consistent with the hypothesis that aspartate is the key metabolite biomarker correlating with varlitinib response. Aspartate plays a role in several metabolic pathways. It acts as an amino group donor in the urea formation process of the urea cycle, producing beta-alanine through the action of glutamate decarboxylase.[@CIT0036],[@CIT0037] Aspartate constitutes a pivotal component of the malate-aspartate shuttle that enables energy production in cells,[@CIT0038] suggesting the importance of the metabolic pathway involving aspartate after varlitinib treatment.

Taken together, varlitinib inhibits CCA cell proliferation and induces apoptosis both in vitro and in vivo, indicating its potential as a therapeutic agent for CCA. Varlitinib was also found to be a safe regimen with minimal toxicity observed in the animals. A combination of varlitinib with the PI3K inhibitor BKM-120 potentiates the cytotoxicity of varlitinib in the less sensitive KKU-100 CCA cell line. Moreover, the metabolomic study suggests aspartate as the response biomarker for varlitinib treatment. Knowledge from this study provides non-clinical data in support of clinical trials of varlitinib in CCA. However, varlitinib was recently declared to fail in CCA second line in clinical trial. According to our preclinical study results, we would like to recommend the use of varlitnib in combination with PI3K inhibitor or cytotoxic drug such as gemcitabine in order to increase the efficacy of varlitinib in CCA treatment.
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